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Bulk milk coolers are used to chill the milk from its harvest temperature of 35–4 1C to
arrest the bacterial growth and maintain the quality of harvested milk. Milk chilling
practices are energy intensive with low coefficient of performance (COP) of about 3.0.
Increased energy cost concern encouraged an investigation of heat recovery from bulk
milk cooler as one conservation alternative for reducing water heating cost in dairy
industry. Heat dissipated to atmosphere through condenser is recovered to improve the
energy efficiency of plant. The waste heat is utilized to heat the water which is used to
clean the milk processing equipments thus saving thermal or electrical energy used
to heat the water separately. Shell and coil type heat exchanger is designed and used to
recover the waste heat during condensation process. Heat rejected in condensation
process consists of superheat and latent heat of the refrigerant. In this work, attempt
has been made to recover complete superheat along with part of latent heat which is a
present research issue. The results show that complete superheat and 35% of latent heat is
recovered. Heat recovery rate is measured for various mass flow rates. Water is flowing on
shell side and refrigerant through tubes. The effectiveness of the heat exchanger is
determined and the results achieved are presented in this paper. Significant improve-
ments have been achieved and COP of the system is increased from 3 to 4.8.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
To satisfy the upgraded needs of human beings per capita energy consumption is rising and leading to global warming
resulting in an environment imbalance. Therefore it is necessary to design and develop the methods for optimal use of
available energy. Enormous quantity of milk is produced and consumed daily all over the world. Milk produced is required
to be chilled to 4 1C to arrest the bacterial growth and preserve its quality. Considerable amount of energy is consumed in
the milk chilling processes hence it is very essential to focus on improving the efficiency of refrigeration system used for this
purpose. In the refrigeration system large amount of heat is dissipated through condenser. It is possible to improve overall
efficiency of the system by recovering waste heat generated in refrigeration of milk. It leads in reducing the overall energy
costs and increase in COP. One way of recovering heat is to use heat exchanger wherein high temperature refrigerant loses
heat to the cold water circulated through it. Development of such efficient methods to recover this dissipated (waste) heater Ltd. This is an open access article under the CC BY-NC-ND license
.
. Pise).
Nomenclature
As Surface area of heat exchanger (m2)
Cpf Specific heat of liquid refrigerant (kJ/kg K)
Cprg Specific heat of gas refrigerant (kJ/kg K)
Cpw Specific heat of water (kJ/kg K)
hconv Natural convection heat transfer coefficient
(W/m2 K)
hci Sp. enthalpy at compressor inlet (kJ/kg)
heo Sp. enthalpy at evaporator outlet (kJ/kg)
_mw Mass flow rate of water (kg/s)
_mr Mass flow rate of refrigerant (kg/s)
Q :E Refrigerant effect (kW)
_Qsuc Rate of heat gain in suction pipe (kW)
_Qsensible Rate of sensible heat available in refrigerant (kW)
_Qlhx Rate of heat loss in heat exchanger (kW)
_Qhxr Rate of heat absorption by water (kW)
_Qcon Rate of heat rejection by convection (kW)
_Qrad Rate of heat rejection by radiation (kW)
_Qlcomp Rate of heat loss from compressor (kW)
_Qlcond Rate of heat loss from air cooled condenser (kW)
_QL Latent heat of refrigerant R22 (kW)
Q sup Super heat of refrigerant R22 (kW)
Rm Ratio of tube side to shell side mass flow rate
Tsup Refrigerant temperature at superheated
state (K)
Ts Saturation temperature of refrigerant (K)
Ta Ambient temperature (K)
Tsh Average temperature of compressor top
shell (K)
Two Water temperature at heat exchanger
outlet (K)
Twi Water temperature at heat exchanger inlet (K)
ΔT Temperature difference of load in discrete
intervals
_Wcomp Compressor power consumption (kW)
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equipments. Hot water of the order of 45–50 1C is used for cleaning equipments in milk dairy.
Various types of heat exchangers are being used for recovering the waste heat in which tube in tube type are the most
common. In this study shell and coil type heat exchanger is used and the system performance is assessed. Heat exchanger is
designed to recover complete superheat and maximum possible latent heat which is otherwise rejected to atmosphere.
In present practice bulk milk coolers (BMC) are used for chilling the milk at the milk collection centers. After completing the
chilling cycle it is essential to clean the BMC and other milk equipments with hot water. Required water is heated by using
gas geysers or by using the electrical heaters. The findings from survey of dairy industry reveal that every month 600 kWh of
additional energy is required for heating water at one milk collection center. At the national level this quantity of energy
consumed is very large which cannot be simply neglected. This additional energy consumed for water heating is completely
saved by using heat recovery heat exchanger. Performance of BMC system with heat recovery heat exchanger is evaluated
and presented in this paper.2. Literature review
Clark et al. [1] have carried out the experimentation on 18 ft3 domestic refrigerator. They have used water cooled
condenser and regular air cooled condenser in parallel. Over continuous operation of 100 h authors have recorded rise in
temperature of 35 1C with 18–20% heat recovery without deterioration of the refrigerant performance. Yilmaz [2] has carried
out the experimentation on air conditioning unit. Concentric tube type heat exchanger is used for heat recovery. It was
observed that, when water temperature at inlet is less than ambient temperature, efficiency of air conditioning unit is
improved. Stinson et al. [3] have carried out research work in dairy refrigeration by recovering the condensation heat by
using water cooled condenser. They have recorded 10–18% increase in COP of the system. Increasing the condenser pressure
reduces COP and use of heat recovery heat exchanger reduces the heat loss. Alex et al. [4] have prepared an analytical model
of a residential desuperheater. They found that the results of mathematical model and results of experiments vary within
12%. Rane et al. [5] have developed sensible heat recovery unit and carried out the experiments for water heating. It is found
that Chiller cooling capacity was enhanced by 30% and COP by 20%. Goto et al. [6] have developed sensible heat recovery
unit and carried out the experiments for water heating. They have found that COP is decreased by 15% by installing the
desuperheater as the work done by the compressor is increased however the overall energy efficiency increased by 34%.
Kaushik et al. [7,8] have done the experimentation on waste heat recovery by Canopus heat exchanger. They have found that
overall COP of the system is improved without affecting the performance of the system. The potential of low grade heat
availability is increased with increasing cooling capacity. They found that 40% of condenser heat can be recovered through
the Canopus heat exchanger for a typical set of operating conditions. Herbas et al. [9] have done the experimentation on
waste heat recovery over a range of condenser and evaporator temperature. It has been revealed that considerable reduction
of energy consumption can be obtained, when similar heating and cooling loads are involved. Reviewed literature shows
that the research work carried out is for recovering and utilizing the superheat from condenser. The waste heat recovery
from condenser of BMC is not yet available in the open literature hence an attempt has been made to recover the waste heat
to its fullest possible level from the condenser.
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Energy balance for BMC with heat recovery system can be written as follows:
_QEþ _Wcomp ¼ _Qhxr  _Qsucþ _Qlhx þ _Qlcomp þ _Qlcond ð1Þ
Heat recovery rate by water in heat exchanger is given by the following relation:
_Qhxr ¼ _mwcpw Two Twi
  ð2Þ
Heat is lost to surroundings from the outer surface of heat exchanger by convection and radiation which are estimated by
using the following equation:
_Qlhx ¼ _Qconvþ _Qrad ð3Þ
_Qconv ¼ hconvAs TsTað Þ ð4Þ
_Qrad ¼ εσAs Ts4Ta4
 
ð5Þ
Heat is added to refrigerant in suction line from surroundings and is given by the following equation:
_Qsuc ¼ _mr heo hci
  ð6Þ
Rate of heat extraction from BMC is given by the following equation:
_QE ¼
mCp ΔT
  
load
time
ð7Þ
Percentage heat recovery is the rate of heat removal in the heat exchanger out of the total heat added in the system from the
evaporator load, suction heat gain and compressor work input which is calculated by the following equation:
%HR¼
_Qhxr
_Wcþ _QE
 
8<
:
9=
;100 ð8Þ
Coefficient of performance is calculated by the following equation:
COP¼
_QE
_Wc
ð9Þ
Overall energy efficiency ratio is calculated by the following equation:
COPHR ¼
_QEþ _Qhxr
 
_Wc
ð10Þ
Heat rejected by refrigerant in heat exchanger consists of its superheat, latent heat and sensible heat components which are
determined by using the following equations:
_Qhxin ¼ _Q supþ _QLþ _Qsensible ð11Þ
_Q sup ¼ _mrCprg½TsupTsat  ð12Þ
_QL ¼ _mrhf ð13Þ
_Qsensible ¼ _mrCpf TsTsubð Þ ð14Þ
4. Experimentation
Refrigeration system of the Bulk Milk Cooler is used for experimentation which comprises of hermetically sealed
reciprocating compressor, air cooled condenser, thermostatic expansion valve and evaporator. The evaporator is embodied
at the bottom of semielliptical rectangular tank of the BMC which is designed to chill the milk quantity of 1000 l. The
evaporator is dimple type jacketed heat exchanger which is insulated with polyurethane foam (PUF). Stirrer is fitted at the
center of the tank for stirring the milk which also maintains the temp of the milk uniform.
Experimental set up, shown in Fig. 1, has been developed to recover heat lost in condenser by using heat recovery heat
exchanger unit. Heat recovered in this unit is utilized for water heating. Shell and coil type heat exchanger is designed to
remove the complete superheat and the maximum part of the latent heat from the refrigerant. Heat exchanger is fitted in
Fig. 1. Block diagram of BMC system. 1 – Compressor; 2 – shell and coil heat exchanger(HX); 3 – air cooled condenser; 4 – expansion valve; and 5 – cooling
tank embedded with evaporator. P1 – compressor discharge pressure, T1 – compressor discharge temperature, P2 – HX exit pressure, T2 – HX exit
temperature, P6 – expansion valve inlet pressure, T3 – expansion valve inlet temperature, P3 – evaporator inlet pressure, T4 – evaporator inlet temperature,
P4 – evaporator exit pressure, T5 – evaporator exit temperature, P5 – compressor suction pressure, T6 – compressor suction temperature, T7 – compressor
top shell temperature, T8 – tank water temperature, T11 – HX water inlet temperature, and T12 – HX water exit temperature.
Fig. 2. CAD model of shell and coil heat exchanger.
Table 1
BMC load conditions.
Sr. no. Case Particulars
1. I Tank is half filled, i.e. 500 l
2. II Tank is filled to 34 th of its capacity i.e. 750 l
3. III Tank is filled to its full capacity i.e. 1000 l
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compressor discharge to air cooled condenser.
Heat exchanger consists of standard copper tube of 9.52 mm outer diameter and 11 m length. Total number of turns in a
coil is 55 with coil diameter of 65.48 mm. The shell made of mild steel has outer diameter 100 mm and length 760 mm. Five
baffles are provided as shown in Fig. 2 at equal distance in the shell to enhance the heat transfer. The heat exchanger is kept
vertical in which refrigerant is flowing vertically downward through coils and water through shell vertically upward. The
discharge pipe is insulated to reduce the heat losses.
The exit of expansion valve is connected to evaporator by multiple inlets. PT 100 temperature sensors are used at 12
different locations for measuring the temperature with accuracy of 0.1 1C. Piezoelectric pressure transducers are located
across compressor and evaporator at four locations with accuracy of 70.01 MPa. Two pressure gauges are used across the
shell and coil heat exchanger to measure the pressure drop. Two temperature sensors PT100 are used to measure
temperatures of water flowing across the heat exchanger. Surface temperatures of the coil are measured at four locations
along the length and as well as the water temperatures in the annulus are measured at four locations along the flow
direction with k type thermocouples with the accuracy of 0.1 1C. Flow rate of water is measured with rotameter with least
count of 0.1 l pm. The power consumed by compressor is measured by wattmeter with accuracy of 0.01 kW. Surface
temperature of the shell is measured at three locations with k type thermocouples.
Experiments are carried out for chilling water from 18 1C to 4 1C for three different cases as given in Table 1.
Initially the experiments are conducted by bypassing the shell and coil type heat exchanger and data of pressures and
temperatures at salient points is recorded at every 15 min time interval. The readings were confirmed by repeating the test.
Further the tests were conducted by bringing shell and coil type heat exchanger in series with air cooled condenser and data
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rate of water and refrigerant is assumed to be constant neglecting insignificant variations during the flow. Variation in
specific heat of water is neglected for the temperature ranges encountered. Refrigerant properties are determined using
COOLPACK software.
5. Results and discussion
Experiments were performed for tank filled with 500 l (case I), 750 l (case II) and 1000 l (case III) of water with initial
temperature of 18 1C brought down to 4 1C. Heat recovery rate determined by using Eq. (2) is plotted against time and is
shown in Fig. 3. Heat recovery rate decreases as cooling process progresses towards its end. Heat recovery rate is higher for
case I due to higher LMTD across the heat exchanger. It is lower for case II as LMTD is low as compared to cases I and III.
Rate of decrease in heat recovery rate is lower for case III as compared to cases I and II.
Investigations of the heat recovery rate with respect to LMTD as shown in Fig. 4 reveal that highest recovery is reported
for case I due to higher temperature difference across heat exchanger compared to cases II and III.
COP of system is determined by using Eq. (10) which varies over the cycle time as shown in Fig. 5. COP is highest for case I
and decreases with increase in cooling load for cases II and III. The evaporator is embodied in the tank at the bottom hence
as the quantity of water in the tank increases the effectiveness of evaporator decreases which causes decrease in COP.
Percentage heat recovery is determined for these three cases using Eq. (8). Fig. 6 depicts variation of % heat recovery with
respect to system COP. The heat recovery from condensation process in heat exchanger increases the system COP. As the
heat recovery increases the system COP also increases.
Heat recovery rate varies from 37.48% for COP of 4 and increases to 84.91% for COP of 5.2 for case I. Heat recovery rate is
highest for this case and is lower for cases II and III. For case II the heat recovery varies from 38.92% to 67.46% and for case III
the heat recovery varies from 36.77% to 76.13%. The rate of change in COP is less than that for heat recovery rate. Average
percentage heat recovery rate is 66.5% for case I, 55.25% for case II and 53.69% for case III. It is highest for case I because of
higher temperature difference due to effective heat transfer in heat recovery heat exchanger.
The variation of heat recovery rate with respect to mass flow rate of water is shown in Fig. 7 which reveals that heat
recovery increases with the mass flow rate. In all the three cases it is highest for water flow rate of 0.1 kg/s. As the water
flow rate increases the water temperature at the outlet of heat exchanger decreases. Maximum water outlet temperature of
64.5 1C is achieved in Case III for water flow rate of 0.019 kg/s. The rate of heat recovery increases sharply with the increaseFig. 3. Variation of heat recovery rate with time.
Fig. 4. Variation of heat recovery rate against log mean temperature difference (LMTD).
Fig. 6. Variation of heat recovery from the system with respect to its COP.
Fig. 7. Variation of percentage heat recovery with mass flow rate of water.
Fig. 5. Variation of COP with time.
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exchanger decreases with the decrease in discharge temperature of refrigerant due to decrease in evaporator load
temperature. Average rise in water temperature across heat exchanger is 20.88 1C for case I, 20.79 1C for case II and 23.36 1C
for case III due to increase in evaporator load which increases the discharge temperature of refrigerant.
Dependence of heat recovery rate is studied with respect to dimensionless parameter ðTri=Twi Þ, the ratio of refrigerant
inlet temperature to water inlet temperature in 1C in shell and coil heat exchanger. As the ratio Tri=Twi increases, the heat
recovery rate of the heat exchanger decreases as shown in Fig. 8. The refrigerant inlet temperature to heat exchanger
decreases as the cooling progresses thus reducing the compressor work and refrigerating effect in evaporator which
increases the heat recovery rate.
Fig. 8. Variation of heat recover with Tri/Twi.
Fig. 9. Variation of heat recovery with Rm.
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is flowing on tube side and the cold fluid on shell side. If the mass flow rate of tube side fluid is lower than that of shell side
fluid the amount of heat transferred from hot fluid to cold fluid increases which gives higher heat recovery.6. Conclusion
Heat dissipated in condenser consists of superheat, latent heat and subcool heat of refrigerant. About 53–65% of total
heat lost is recovered in heat recovery heat exchanger. Complete superheat and part of latent heat is recovered in all the
three cases by varying degree. For case I 48.25%, case II 36.75% and for case III 34.91% of latent heat of refrigerant is
recovered along with complete superheat.
Mass flow rate of water plays important role in waste heat recovery. Higher flow rate causes lower exit temperature and
vice versa. Mass flow rate of 0.06 kg/s gives higher temperature rise in heat exchanger. Addition of waste heat recovery heat
exchanger increases the COP of total system. COP of BMC without heat recovery heat exchanger is 3 and with the
incorporation of heat recovery heat exchanger it is increased to 4.8. It is advised to use the heat recovery system wherever
possible to increase the energy efficiency of the refrigeration system.
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